Intrauterine adverse conditions may be responsible for long-lasting damages which impact health even during adult phase. Hypoxic-ischemic (HI) events are a relevant cause of newborn mortality and the principal factor leading to permanent brain lesions. Using a model in which the ovarian and uterine flux of a pregnant rat is obstructed for 45 min we have described oligodendrocyte death, astrogliosis and neuronal loss. In this work we investigated hippocampal neuronal population and performed a functional evaluation of memory and learning of young rats that had been affected by prenatal HI. Anesthetized Wistar rats on the 18th gestation day had the uterine horns exposed and the ovarian and uterine arteries clamped for 45 min (HI group). Sham-operated rats (SH group) had the horns exposed but no arteries were clamped. We measured the levels of different proteins related to excitatory/inhibitory transmission in the hippocampi of young pups (P45). Histological evaluation was also performed in order to characterize hippocampal neuronal population. Rats from both groups were tested through Novel Object Recognition Test (NORT) using two inter-trial intervals: 5 min and 8 h. Here we show a loss in the total number of hippocampal neurons although the immunostaining of parvalbumin and levels of GAD enzyme were increased in HI group. Functional assessment indicated a marked difference concerning HI learning and memory abilities. Our results reflect permanent damages concerning GABA function which may disturb neurotransmitter homeostasis leading to the observed deficits in learning and memory.
Introduction
CNS development comprises a set of coordinated events that lead to normal function during adult life. Pre-or perinatal insults may disturb this process and are proven to be responsible for a series of diseases in adult life, such as endocrine and metabolic abnormalities, type 2 diabetes mellitus, hypertension and ischemic heart disease (Chen & Zhang, 2011; Marín-Padilla, 1997 , 1999 .
Hypoxic-ischemic encephalopathy (HIE) affects 1-3 per 1000 full term newborns (Lai & Yang, 2011) , of which 15-20% will die in postnatal life characterizing HIE as one of the most important causes of neonatal mortality (Gonzalez & Miller, 2006 , Li, Gonzalez, & Zhang, 2012 . In addition, 25% of the survivors develop permanent neurophysiological sequelae, such as cognitive delay, motor deficits, hyperactivity, epilepsy and cerebral palsy (Chen, Wu, Kao, Su, Chen, 2009; Vannucci, 2000) . Cognitive impairments, although strongly associated with neuromotor deficits, may be verified in early infants who had suffered HIE, with or without motor disabilities (van Handel, Swaab, de Vries, & Jongmans, 2007) . The deficits continue at school age, as these children present subnormal IQ (Pappas et al., 2015) and learning delays (Robertson & Perlman, 2006) . Furthermore, it persists along adolescence, with severe impairments of episodic memory (Gadian et al., 2000) and poor performance in verbal and visual memory and executive functions (Mañeru, Junqué, Botet, Tallada, & Guardia, 2001) .
A way by which hypoxia-ischemia (HI) affects memory and learning process may be directly mediated by an imbalance of excitatory-inhibitory function in the hippocampus, one of the brain regions responsible for memory consolidation and associated with high levels of plasticity since early life until adulthood (Gu, Janoschka, & Ge, 2013; Murty, Calabro, & Luna, 2016) . Hippocampal neural networks are able to regulate their activity by modulating neurotransmitter release, postsynaptic strength and membrane intrinsic excitability (BateupDenefrio, Johnson, Saulnier, & Sabatini, 2013) . Disrupted homeostasis elicited by HI or other insults may therefore contribute to cognitive disorders (Ramocki & Zoghbi, 2008; Rubenstein & Merzenic, 2003) .
There are several models of HIE (Golan & Huleiel, 2006) designed to parallel human developmental stage when HI occurs with that of animal models. However most do not mimic the kind of systemic insult that occurs at the end of the second/beginning of the last trimester of human gestation (Back et al., 2001) . Systemic insults during pregnancy trigger a cascade of cytotoxic mediators which affect glia and neurons. Such events may result in effects on neural precursor proliferation and maturation, with potential long-term consequences (Savignon, Costa, Tenorio, Manhães, & Barradas, 2012) . The model used in this work is based on a transient interruption of uterine and ovarian flux and is able to simulate structural effects of a lesion occurred in this period in humans (Barradas et al., 2016) .
Although different models of HI have been proposed to investigate functional outcomes, it remains unclear whether a transient prenatal systemic hypoxic-ischemic insult impairs the recognition memory and the underlying hippocampal neurochemistry. In this work, we want to investigate how prenatal systemic HI affects hippocampal neuronal population and its impacts on learning and memory in adolescent rats.
Materials and methods

Animals
All the procedures for animal caring and usage were approved by our University Ethics Committee for Animal Experimentation (CEUA 019/2010, CEUA 006/2016) which complies with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All appropriate steps were taken to minimize the number of animals used and their pain or discomfort. Wistar rats were maintained in a light/dark cycle and temperature-controlled environment. Access to water and food was provided ad libitum. Adult female rats from our colony were weighted and mated for a period of 15 h (18:00-9:00). After 17 days, pregnancy was confirmed by the comparison with their previous weight and the pregnant rats were housed in separate cages. A total number of 24 female pregnant rats and 82 male pups was used in all experiments of this study.
Hypoxic-ischemic insult induction
The methodology used for hypoxic-ischemic induction followed a model based on uterine arteries occlusion described by Savignon et al. (2012) . Briefly, pregnant rats on the 18th day of gestation (E18) were anesthetized with intraperitoneal tribromoethanol given in fractioned doses during the procedure. After laparotomy, the uterine horns were exposed and the ovarian and uterine arteries were clamped with aneurysm clips for 45 min (HI group). The clips were removed and the abdominal cavity was sutured. Sham-operated animals (SH group) were obtained by the exposition of uterine horns without artery occlusion. Pups were born at term with no surgical intervention and the offsprings were adjusted to 8.
Histology
On the 45th postnatal day (P45) male pups from both groups (SH and HI) were anesthetized with sodium pentobarbital (50 mg/kg) and intracardially perfused with 0.9% saline solution followed by 4% paraformaldehyde (PFA) in 100 mM phosphate buffer (PB), pH 7.4, and then by 4% PFA/PB + 10% sucrose for cryoprotection. The dissected brains were immersed in PB + 20% sucrose overnight at 4°C and embedded in OCT (Sakura, Japan). Coronal sections of 20 μm were made in a cryotome (Leica Biosystems, Germany) at −20°C and collected on gelatinized glass slides. The sections were hydrated for 20 min in 0.1 M phosphate-buffered saline (PBS), pH7.4 at room temperature. Then they were rinsed in PBS + 0.1%Triton X-100 in order to permeabilize the tissue. After a wash in PBS, the sections were incubated in NeuroTrace Fluorescent Nissl Stain (Thermo Fisher) diluted in PBS (1:300) for 20 min. NeuroTrace was removed and sections were washed in PBS 0.1%Triton X-100 and PBS. For parvalbumin immunostaining the slides were blocked for 30 min using bovine serum albumin 5% (BSA) (SigmaAldrich) diluted in PBS and then incubated in polyclonal antiParvalbumin antibody produced in rabbit (AbCam) diluted in PBS (1:2000) for 2 h. The secondary antibody used was an anti-rabbit IgG produced in goat and conjugated to Alexa 488 (Thermo Fisher). The images were captured under an epifluorescence microscope (Olympus BX40, Japan) with a cooled-charged-coupled device camera (Olympus DP71). Images from CA1, CA3 and DG were taken under a magnification of 200x and quantitative analysis performed on Image Pro-Plus software.
Western blotting
SH and HI animals at P45 were used in western blotting analysis. The rats were decapitated under deep anesthesia and had their hippocampi dissected in PBS, pH 7.4, on ice. Tissue was snap-frozen and kept at −80°C until use. The samples were homogenized in lysis buffer supplemented with protease inhibitor cocktails (Sigma-Aldrich) and centrifuged at 4°C for 15 min at 15,682g. Protein concentration was determined by Bradford method (Bio-Rad). Tissue lysates were diluted in sample buffer and then boiled at 100°C for 3 min. Protein samples (20 µg/slot) were submitted to electrophoresis in polyacrylamide gels (SDS-PAGE) (Bio-Rad) and transferred to nitrocellulose membranes using iBlot system (Life Technologies). Membranes were blocked in trisbuffered saline + 0.1% tween (TBSt) containing 5% BSA for 90 min, followed by overnight incubation with primary antibody at 4°C. After washes in TBSt, membranes were probed with corresponding secondary antibodies conjugated to biotin (Sigma-Aldrich) for 1 h. Then the membranes were incubated with streptavidin conjugated to horseradish peroxidase (HRP) (Thermo Fisher) for 1 h at room temperature. All antibodies used (Table 1) were diluted in TBSt. Detection was performed by Enhanced Chemiluminescence method (ECL) (Thermo Fisher) on ChemiDoc imaging system (Bio-Rad). Bands were quantified using ImageJ software (NIH).
Novel object recognition test (NORT)
Another cohort of SH and HI animals on P45 were behaviorally evaluated through the Novel object recognition test (NORT). Briefly, animals were accommodated in the experimental room for 1 h before the test. They were then individually habituated in a black Plexiglass box (50 cm × 50 cm × 50 cm) for 10 min. After a 10-min interval in their home cages, they returned to the box in order to explore two Anti-rabbit IgG, produced in goat; conjugated to biotin 1:20,000 Sigma-Aldrich identical objects for 5 min. The test phase was performed using one of the familiar objects and a new object, similar in relation to the material and color but with a different shape, and the animals were allowed to explore them for 5 min. Two inter-trial intervals were employed using two different sub-cohorts: 5 min and 8 h. The analysis consisted in measuring the amount of exploration time for the familiar (T fo ) and for the new object (T no ) during the test phase. The discrimination index was calculated as the difference between T no and T fo , divided by the total time of exploration (T t ), as in the formula: (T no − T fo )/T t .
Statistics
Statistical analysis was performed in SPSS software. Data are compiled as means and standard errors of the means. The KolmogorovSmirnov one-sample tests (K-S) were used to assess the normality of the distributions. Data were analyzed using Student's t-test in order to compare SH and HI groups. Significant differences between the mean values were indicated with * p < 0.05. Discrimination index analysis was carried out using one-sample Student's t-test in order to compare SH and HI indexes with zero.
Results
Evaluation of neuronal density
By using fluorescent staining for Nissl bodies, it was possible to identify the distribution of neuronal somata in the three principal regions of hippocampal formation: CA1, CA3 and DG (Fig. 1G) . Image qualitative evaluation did not reveal gross alterations concerning cell bodies morphology or layer organization (Fig. 1A-F) . Quantitative analysis was based on counting the number of cells in DG granular layer and in CA stratum pyramidale (Fig. 1H) as well as on the thickness measurement of these layers (Fig. 1I) . HI group presented a significant reduction (∼31.5%) in the neuronal density in CA1 (SH: 22.90 ± 0.87; HI: 15.69 ± 1.67; p = 0.017) and CA3 (∼41% reduction) (SH: 31.84 ± 1.76; HI: 18.75 ± 0.84; p = 0.0007) while no difference was found in DG region (SH: 80.07 ± 5.65; HI: 57.87 ± 7.89). Stratum pyramidale and granular cell layer thickness was not altered in function of the insult (CA1 -SH: 41.40 ± 2.18; HI: 44.04 ± 2.57/CA3 -SH: 54.55 ± 1.36; HI: 62.35 ± 4.58/DG -SH: 60.12 ± 1.52; HI: 60.74 ± 2.50). Since the neurogenesis of hippocampal pyramidal neurons takes place between E17 and E19 in rats (Slomianka, Amrein, Knuesel, Sørensen, Wolfer, 2011 ) the reduction of neuronal density in CA stratum pyramidale may indicate the effects of HI lesion on neuronal precursors, a highly susceptible cell type.
Parvalbumin immunostaining
Parvalbumin, a calcium binding protein, can be found in different hippocampal GABAergic neurons, such as basket, bistratified, and oriens-lacunosum moleculare cells. It was possible to observe parvalbumin staining in cell bodies surrounded by a local network of stained processes in either DG granular layer or in CA stratum pyramidale. HI group presented a heavy parvalbumin immunostaining that was significantly higher when compared to SH group in all the three regions analyzed: CA1 (SH: 3.37 ± 0.66; HI: 7.03 ± 0.29; p = 0.001), CA3 (SH: 7.94 ± 1.62; HI: 13.11 ± 1.32; p = 0.039) and DG (SH: 5.45 ± 0.96; HI: 9.69 ± 1.15; p = 0.029) (Fig. 2) .
Levels of proteins related to neurotransmission
We also analyzed the levels of glutamate receptors and transporters and GABA-synthesizing enzyme, glutamic acid decarboxylase (GAD), in the hippocampus after prenatal HI insult (Fig. 3) . HI was not able to 
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Neurobiology of Learning and Memory 149 (2018) 20-27 modify the hippocampal levels of NMDA receptor subunit 2B (SH: 26.28 ± 4.18; HI: 37.01 ± 7.62) or EAAT1 (SH: 18.78 ± 3.54; HI: 18.14 ± 5.41). However, the levels of GAD enzyme were significantly increased in HI group in comparison with SH (SH: 26.25 ± 2.84; HI: 35.06 ± 1.69; p = 0.036). An increase in GAD expression reflects a higher rate of GABA biosynthesis which is likely to disrupt excitatory/ inhibitory balance, one of the fundamental features for hippocampal homeostasis and consequent memory consolidation.
Evaluation of recognition memory
We performed the Novel-object recognition test using rats at P45 (Fig. 4) . This test is based on neophilia, an innate behavior very pronounced in rodents, in order to evaluate learning and memory process (Ennaceur & Delacour, 1988) . As the animal is exposed to a familiar object, i.e., which has already been explored, simultaneously with a non-explored object, the animal is more likely to prefer to interact with the new one (Hampton & Schwartz, 2004) . This trend was observed in SH group analyzed in this work, which presented a percentage of exploration of the new object significantly higher in comparison to the familiar one either after 5 min (Familiar: 41.44 ± 3.87; New: 58.55 ± 3.87; p = 0.007) or 8 h (Familiar: 33.70 ± 8.90; New: 66.29 ± 8.90; p = 0.010). However, we observed that HI animals share the same percentage of exploration between the two objects either after 5 min (Familiar: 47.49 ± 3.29; New: 52.50 ± 3.29) or 8 h (Familiar: 46.78 ± 4.09; New: 53.22 ± 4.09). The comparison of discrimination index also provides a signal of cognitive damages derived from HI. While SH rats had a discrimination index statistically different from 0 (5 min: 0.17 ± 0.049; p = 0.046/8 h:0.45 ± 0.131; p = 0.007), this significance is not reached by HI group (5 min: 0.08 ± ; 0.065/8 h: 0.06 ± 0.081). This functional data may confirm the deficits of recognition memory in HI group.
Discussion
Hippocampus is part of limbic system and a central structure involved in cognitive processing. Due to its neuronal population pattern of activity it is well known that excitation/inhibition imbalance in this Fig. 3 . Effects of HI on proteins related to neurotransmission in the hippocampus. No significant difference was found in relation to NR2B and EAAT1 levels. However, HI significantly increased the levels of GAD enzyme. Data expressed as mean ± SEM, in arbitrary units; region plays a critical role in a variety of pathological conditions (Gao & Penzes, 2015; Gatto & Broadie, 2010) . Prenatal injuries are able to impact hippocampal morphogenesis and the outcomes may be verified along postnatal development, persist throughout adolescence and even into adulthood. Here we show that adolescent rats which were submitted to prenatal HI present neuronal loss in the hippocampus, with no changes in NR2B, GluR3 and EAAT1 levels. However, parvalbumin was upregulated and GAD, the rate limiting enzyme in the synthesis of GABA, had increased levels. We also observed long term cognitive impairments derived from prenatal HI.
The responses to HI may be variable not only in function of the cell type but also depending on the developmental period affected. Different brain regions develop at different rates and even at a particular region, diverse neuronal types have their differentiation in distinct moments. In general, concerning neuronal maturation, it is thought that neural stem cells, progenitor cells or neuron-restricted progenitors are more vulnerable to homeostasis disruption than well differentiated neurons because the moment of DNA replication is marked by a great probability of genetic defects (Dubrovskaya & Zhuravin, 2010) . In the rat hippocampus, genesis of inhibitory neurons takes place around E14 while excitatory neurons start differentiation 3 days later, on E17. As the model used in this paper induces HI in E18, we may suggest that inhibitory interneurons at this stage are more differentiated and thus more protected from the injury. The neuronal loss observed may be related to excitatory neurons.
The enhancement in parvalbumin immunostaining accompanied by an increment of GABA production and release is coherent with an increase in the number of inhibitory neurons. Parvalbumin-positive cells consist of fast-spiking interneurons, including axo-axonic cells, or chandelier cells, and a subset of basket cells. They are the most important and most investigated component of GABAergic system. Their synapses target the somata and axon initial segments of principal cells (PCs) being able to control the action potential discharge rates of PCs in distal CA1 and subiculum (Amilhon et al., 2015) . The inhibitory action of parvalbumin-positive interneurons is exclusively mediated by GABA, while other interneurons expressing calretinin and calbindin may also be non-GABAergic (Del Tongo, Carretta, Fulgenzi, Catini, & Minciacchi, 2009 ).
In addition, parvalbumin itself plays a direct role in the protection of neurons against the toxic effects of exacerbated levels of intracellular Ca 2+ as it is able to buffer free intracellular Ca 2+ and thus counteract calcium overloads (Hipólito-Reis, Pereira, Andrade, & Cardoso, 2013) . One of the mechanisms used to understand HI damages is based on glutamate excitotoxicity, which may lead to Ca 2+ excessive influx through NMDA receptors. In this case, the description of parvalbumin upregulation would be justified as a compensatory response to calciummediated excitotoxicity (Del Tongo et al., 2009 ). An increase in NMDA receptors activation is proven to lead to Fig. 4 . Assessment of learning and memory functions through Novel Object Recognition Test (NORT) after HI. The protocol is represented in A and included a habituation phase (10 min) followed by the training trial, when the animal was exposed to two identical objects for 5 min. After the intertrial interval (ITI) (5 min or 8 h), the rat was finally submitted to the test trial of 5 min, in which one of the already explored object (familiar object) was repositioned in the arena with a new object. B and C refer to 5 min ITI while D and E refer to 8 h ITI. SH animals were able to differentiate the new object in relation to the familiar one in both ITI (B and D). HI group however presented similar percentages of exploration of both objects (B and D). The discrimination index calculated for SH group was significantly higher than zero while HI discrimination index statically equals zero in both ITI (C and E). Data expressed as mean ± SEM; increased ERK 1/2 and CREB phosphorylation, resulting in parvalbumin upregulation (Kinney, Davis, Tabarean, Conti, Bartfai, & Behrens, 2006; Bates, Stith, Stevens, & Adams, 2014) . However, despite of the high levels of parvalbumin found in the hippocampus of HI animals studied in this work, the content of NR2B subunit did not differ from SH group. The levels of EAAT1, the most abundant glutamate transporter present in astrocytes and responsible for glutamate and ion buffering (Zerangue & Kavanaugh, 1996; Robinson & Jackson, 2016) and GluR3, another glutamate ionotropic receptor remained unchanged as well. Similarly, Jantzie et al. (2014) using 60 min of uterine artery occlusion did not identify significant changes in the levels of NR1 and NR2A subunits and in the ratio GluR1/GluR2 in the CA3 of HI rats.
One relevant aspect to be considered when studying GABAergic neurons consists in its synaptic properties. Even though hippocampal parvalbumin and GAD levels are increased in this model at P45, a proper evaluation to clearly affirm that inhibitory mechanisms overlaps excitatory signaling is still needed. For instance, previous work focused on the CA3 of HI pups (P10-P11) described mean inhibitory postsynaptic current (IPSC) frequency decreased by 60% in relation to SH animals (Jantzie et al., 2015) . The analysis of the electrophysiological effects of transient prenatal HI on the hippocampus of adolescent or adult rats however has not been accomplished yet.
In our model of prenatal HI, we verified cognitive deficits related to recognition memory in both 5 min-and 8 h-intervals. These results may represent a relevant functional correlate for the likely inhibitory alterations raised by our neurochemical and morphological findings. This hypothesis is in accordance with the data reported by Tretter et al. (2009) who showed that improved GABA transmission, by means of increased levels of GABA A R on CA3 pyramidal neurons, correlates with memory deficits in spatial recognition. Instead, the induced stimulation of parvalbumin-positive cells in the hippocampus might block its plasticity properties. Functional analyses using P55-P75 mice consistently demonstrated that the silencing of these cells promoted cognitive enhancement in NORT (Donato, Rompani, & Caroni, 2013) .
Lots of research groups have been dedicated to models of HI lesions in adults and neonates. It is quite well characterized that stroke in adults elicits neuronal death, either by apoptosis or necrosis, which leads to motor, cognitive and sensorial deficits (Gutiérrez-Vargas, Múnera, & Cardona-Gómez, 2015; Hwang et al., 2013; Ueda, 2009 ). The most affected cells are the pyramidal neurons of CA1 region (Hwang et al., 2013 ) although all the hippocampus shows a high susceptibility to ischemia.
Models of neonatal HI have also demonstrated hippocampal atrophy (de Paula et al., 2009; Jansen and Low, 1996) and decreased dendritic spine density in pyramidal cells of CA1 (Rojas et al., 2013) which is associated with spatial memory deficits (de Paula et al., 2009; Arteni, Salgueiro, Torres, Achaval, & Netto, 2003; Pereira et al., 2007) and impairments in aversive inhibitory avoidance memory (Arteni et al., 2003) .
Although these works have been traditionally important for the comprehension of disease mechanisms, they do not mimic the complications that occur during human pregnancy and lead to HI encephalopathy. Concerning perinatal HI studies, it is important to highlight some determinant factors that affect the outcome: the developmental period when the insult is caused; whether the occlusion is transient or permanent, partial or complete; and if the model considers the interchanges between the mother and fetus.
Using models of HI insult induced on the day of delivery, investigators have described no cognitive impairments in rats which underwent uterine vessel ligation (Binienda et al.,1996) and specifically, no alterations in NORT when evaluating adolescent rats delivered by cesarean section immediately followed by immersion in water (Venerosi, Valanzano, Cirulli, Alleva, & Calamandrei, 2004) .
Conversely, the evidences point to opposing findings when the lesion is caused some days before delivery. Cai, Sigrest, Hersey, & Rhodes (1995) using the complete clamping of the uterine vasculature on E17 reported cognitive deficits on P28 measured in Passive avoidance and Morris water maze test. Delcour et al. (2012) performed unilateral ligation of the uterine artery on E17 and found spontaneous hyperactivity and memory deficits in NORT using a 1 min-interval but not a 1 week-interval between familiarization and test trials.
Generally, when studying a lesion during CNS development it is important to evaluate how long the damage persists. In many cases, due to brain plasticity and especially because regions as the hippocampus continue to develop during postnatal life (Bayer, 1980) , it is difficult to find persistent functional deficits. The use of a model of prenatal HI on E18 confirms to be efficient to generate long term alterations. E18 is a period characterized by the domination of maturation and differentiation processes and has proven to be an important phase for cognitive function (Dubrovskaya & Zhuravin, 2010) .
Conclusions
In summary, despite of other works which investigate HI consequences on neurotransmitters, especially glutamate, this is the first one to use the HI model proposed by Savignon et al. (2012) to elucidate the role of GABA and parvalbumin in functional effects related to learning and memory in such a critical development period as adolescence in the context of HI prenatal lesion. Our results indicate that systemic prenatal HI may be responsible for alterations that characterize excitation/inhibition imbalance observed in a late developmental period. Our findings about cognitive impairments emphasize the importance of a proper neurotransmitter modulation during hippocampal development. Other studies are required to confirm HI effects on synaptic function. The possibility of improving memory performance and cognition by altering the balance between excitatory and inhibitory neurotransmission is a working hypothesis that should be investigated for its therapeutic potential.
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